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ABSTRACT: The flow field of multiple-cylinder configurations exhibits complex interactions between shear 
layers, vortexes and wakes. For high stem-Reynolds numbers, the flow is turbulent and, low and intermediate 
areal number-densities of cylinders, and turbulence is produced mostly by the work of Reynolds shear stresses 
in the horizontal plane (uv component) against the time-averaged shear rate characteristic of vertical-axis vor-
tex shedding in the wake of cylinders. The spatial pattern of turbulent production and of other terms of the 
equation of conservation of Turbulent Kinetic Energy (TKE) is thus mostly determined by the interaction of 
vortexes shed by individual cylinders and by the distance between cylinders. The main objective of this paper 
is to advance on the understanding of vortex interaction in patches of randomly placed emergent and rigid 
cylinders. In particular, the relation between cylinder Strouhal numbers, vortex decay and vortex path statistics 
is investigated for isolated cylinder and for a cylinder within an array of randomly placed cylinders with a 
areal-number density of 980 cylinders/m2. Results are compared to shed light on the influence of neighbouring 
cylinders. An experimental database acquired with 2D Particle Image Velocimetry (PIV) was explored. A meth-
odology to detect vortexes in 2D flow fields is proposed. It features a point-based criterion and a global search 
to detect all the possible vortex core locations, combined with a curve-based criterion, to decide whether the 
detected point corresponds to a vortex, depending on the geometry of streamlines. The results show a decrease 
on the amount of vortexes and a shorter vortex life for the cylinder within the array when compared with the 
isolated cylinder. The averaged vortex path is also affected by the presence of neighbouring cylinders. Concern-
ing the Strouhal number, the normalized shedding frequency is approximately the same for both studied cases.
For high stem-Reynolds numbers, defined as 
Rep ? Ud/v, where U is the time- and space- averaged 
velocity in the vicinity of the cylinder, d is the cyl-
inder diameter and v is the kinematic viscosity of 
the fluid, the flow is turbulent. It has been shown 
(Ferreira et al. 2013, Ricardo 2013) that, for low 
and intermediate areal number-densities of cylin-
ders, turbulence is produced mostly by the work of 
Reynolds shear stresses in the horizontal plane (uv 
component) against the time-averaged shear rate 
characteristic of vertical-axis vortex shedding in 
the wake of cylinders. The spatial pattern of tur-
bulent production and of other terms of the equa-
tion of conservation of Turbulent Kinetic Energy 
(TKE) is thus mostly determined by the interac-
tion of vortexes shed by individual cylinders and 
by the distance between cylinders.
1 INTRODUCTION
Flow around circular cylinders is a classical problem 
of fluid mechanics due to its common occurrence 
in many applications. The flow around an isolated 
cylinder has been extensively studied, (compre-
hensive reviews in Williamson 1996, Zdravkovich 
1997, Zdravkovich 2003) and Sumner (2010) pre-
sented a review of studies about the effects of a 
second cylinder placed in close proximity, arranged 
in tandem, side-by-side, or in staggered configura-
tions. Less well studied are the changes to the flow 
when a cylinder is placed in an array of cylinders, 
specially when they are randomly placed. The flow 
field of multiple-cylinder configurations involve 
complex interactions between wakes, von Kármán 
vortex streets and shear layers (Sumner 2010).
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The main goal of this paper is to advance the 
understanding of vortex interaction in patches 
of randomly placed emergent and rigid cylinders, 
exploring two experimental databases acquired 
with 2D Particle Image Velocimetry (PIV) system. 
One of the databases includes instantaneous veloc-
ity maps downstream of a cylinder within an array 
of cylinders randomly placed. The second data-
base consists in the instantaneous flow field down-
stream of an isolated cylinder.
Vortexes are among the most important and 
coherent structures that control the dynamics of 
flow fields (Banks & Singer 1994) and their study 
constitutes an important research topic, from both 
theoretical and practical points of view. The concept 
of vortex is loosely expressed as a helical pattern of 
flow in a localized region. However, no formal math-
ematical definition for vortex exists, for instance 
employing concepts of vorticity or helicity (Banks & 
Singer 1994). An operative definition, provided by 
Robinson (1991), is that a vortex exists when instan-
taneous streamlines mapped onto a plane normal to 
the vortex core exhibit a roughly circular or spiral 
pattern, when viewed from a reference frame mov-
ing with the center of the vortex core. The drawback 
associated with this definition is that it requires the 
ability to recognize and track a vortex core.
Visualization of vortexes plays an important 
role in the understanding of the swirling features 
in flow fields. A literature review shows that several 
criteria have been developed for vortex detection, 
but the essential characteristics are hard to capture, 
and none of the existing criteria is entirely satis-
factory (Banks and Singer 1994, Sadarjoen et al. 
1998, Jiang et al. 2005). The main research efforts 
have been placed in the visualisation of vortexes in 
complex 3D flows. According to Sadarjoen et al. 
(1998), the criteria in vortex detection can be clas-
sified in two groups: point- and curve-based crite-
ria. The former includes methodologies in which a 
local quantity is sampled or calculated at a given 
point in a flow field while the latter makes use 
of local geometric properties of streamlines. The 
point-based criteria reveal vortical structures with 
varying degrees of success, it has been reported 
that it fails for some cases (Sadarjoen et al. 1998). 
On the other hand, curve-based criteria seems to 
detect vortexes more successfully, but it is compu-
tationally more expensive.
The present work proposes a methodology to 
detect vortexes, restricted to two-dimensional flow 
fields, combining a point-based criterion, embed-
ded in a global search to detect all the possible vor-
tex core locations, with a curve-based criterion to 
decide whether the detected point corresponds to a 
vortex, depending on the geometry of streamlines.
Concerning the organization of this article, after 
this introductory section it follows the description 
of the laboratory facilities and the two experimen-
tal tests carried out. Then, in section 3, the meth-
odology applied for vortex detection is presented 
and it is followed by the results. The article finishes 
with the main conclusions.
2 EXPERIMENTAL FACILITIES
The experimental work was carried out in a 12.5 m 
long and 0.408 m wide tilting recirculation flume 
of the Laboratory of Hydraulics of IST. The flume 
has glass side walls, enabling flow visualization and 
laser measurements (Fig. 1). The flume bottom 
was covered with a horizontal layer of gravel and 
sand. The flow was controlled by a venetian-blind 
gate at the flume’s outlet.
Two experimental tests were considered in the 
present work:
?? Test A—Array of cylinders: Cylinders with 
1.1 cm of diameter were randomly placed with 
a uniform distribution of 980 cylinders/m2 along 
a 3.5 m long reach. This reach populated with 
vertical cylinders had two gaps to allow veloc-
ity measurements. The width of the measuring 
gaps is equal to the mean inter-stem distance 
(0.032 m). The data presented herein was 
acquired in the upstream measuring gap, which 
is located about 2 m after the begin of the array 
of cylinders. Figure 2 shows a plan view of part 
of the reach covered by cylinders. Within the 
array the flow was an uniform regime.
Figure 1. Sketch of the flume where the experiments 
were performed.
Figure 2. Plan view of part of the reach covered by 
 cylinders. The dashed rectangle points out the region 
where the velocity maps used herein were acquired. The 
filled rectangle represents the area where the vortex search 
was performed. The arrow indicates the flow direction.
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?? Test B—Isolated cylinder: An isolated cylin-
der, also with diameter of 1.1 cm, was placed 
upstream of the reach populated with cylin-
ders of test A. The flow upstream of cylinders’ 
array was gradually varied decelerating towards 
downstream. Figure 3 presents the longitudinal 
profile of the free surface on the region where 
the isolated cylinder was placed.
The experimental data acquisition consisted in 
a instantaneous velocity maps, in the horizontal 
plane, obtained with a 532 nm, 30 mJ 2D  Particle 
Image Velocimetry (PIV) system. The PIV is an 
optical technology that allows obtaining the fluid 
velocity by measuring seeding particles velocity. 
The system is composed of the laser head, the 
power supply, the CCD camera and the acquisition 
system. It is based on a double-cavity laser which 
allows the user to set the delay between two laser 
pulses. During experimental tests presented herein, 
the PIV was operated at a sampling rate of 15 Hz 
and with a time between pulses of 1500 ?s. The 
seeding particles used in this experimental work for 
flow visualization were made of polyamide, with 
specific gravity of 1.03 and diameter range of 30 to 
70 ?m, with an averaged diameter of 50 ?m.
The horizontal maps were acquired at 3.8 cm 
above the bed, which is, for test A, in the region 
where the flow is mainly controlled by the vertical 
cylinders. For each test, 4500 images couples were 
acquired, corresponding to 5 minutes of consecu-
tive data. The CCD of the camera used has a size 
of 1600 ? 1200 px2 and the image correlation was 
performed with interrogation areas of 16 ? 16 px2 
with 50% of overlap. An area of roughly 12 ? 9 cm2 
was measured, yielding to interrogation volumes 
of 0.6 ? 0.6 ? 2 mm3, since the laser light sheet has 
approximately 2 mm of thickness.
The theory of Hjemfelt & Mockros (1996) 
reveals that the seeding used allows the identifi-
cation of turbulent structures with the frequen-
cies lower than 40 Hz with a significance level of 
0.95. Since the PIV was operated at 15 Hz, the 
Nyquist frequency is equal to 7.5 Hz. Therefore, 
it can be concluded that the seeding particles used 
ensure the quality of the data acquired in the time 
domain. In the space domain, applying Taylor’s 
frozen turbulence hypothesis (Tennekes & Lumley 
1972, p. 253) and considering a mean velocity of 
0.13 m/s, the frequency fc ? 40 Hz corresponds to a 
turbulent length scale ?c ? 3.3 mm. This means that 
the velocity of eddies smaller than 3.3 mm may be 
measured with less than 95% confidence employ-
ing this seeding particles.
The tests were performed with a discharge of 
4.5l s?1. Table 1 presents flow properties for each 
test, where h is the flow depth, U is the mean (time- 
and space-averaged) flow velocity, T is the water 
temperature during the experiments, and Rep is the 
stem Reynolds number. The diameter of the cyl-
inders is d ? 0.011 m and v depends on the water 
temperature.
Figure 4 presents the time-averaged velocity 
map of test A, showing the heterogeneity of the 
Figure 3. Lateral view of the reach where the single 
cylinder was placed. The blue line represents the free-
surface. The arrow indicates the flow direction. The 
dimensions are in SI units (m).
Table 1. Flow properties.
h (m) U (m/s) T (?C) Rep (?)
Test A 0.084 0.131 24 1584
Test B 0.070 0.158 24 1910
Figure 4. Time-averaged velocity map for test A. The 
arrow indicates the flow direction. The dashed rectangle 
delimits the region where the vortexes were searched.
Figure 5. Time-averaged velocity (left) and vorticity 
(right) maps for test A (top) and test B (bottom). The 
arrow indicates the flow direction.
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flow, in the space inter-cylinders, with zones of low 
velocity at the cylinder’s wake alternated by high 
velocity zones between cylinders. The vortexes 
were searched in a rectangular area, centred down-
stream of a cylinder, with dimensions 4d ? 3d 
(width ? length) in both tests. Time-averaged 
velocity and vorticity maps for tests A and B are 
presented in Figure 5.
3 METHODOLOGY
The methodology proposed in the present work for 
vortex detection comprises two main steps.
?? First, for a given instantaneous velocity map, 
a global search is performed to identify possi-
ble vortex cores, finding the points where both 
 longitudinal (u) and lateral (v) velocity compo-
nents are zero. Figure 6 exemplifies an instan-
taneous velocity map in test A, represented by 
a vector plot, overlapped by the isolines of u ? 0 
(green lines) and v ? 0 (red lines). The black 
points, marking the intersection of the two iso-
lines, correspond to the location of the cores of 
the possible vortexes for the actual instantane-
ous velocity field.
?? After the identification of  all possible vortexes 
in a given region, a more local approach based 
on the streamlines neighbouring each point are 
analysed to distinguish between vortex cores or 
stagnation points. For each point, four stream-
lines are drawn around starting at 0 2? ? ?/  
and 3 2? /  in the circle, with radius smaller than 
the size of  interrogation areas, centred in that 
point. If  at least two streamlines are closed 
(making a 2? revolution) and bounded and if  
there is a  circulation pattern in the near vicin-
ity of  the point, then candidate is considered a 
vortex.
The streamlines for the cross points identified 
in Figure 6 are represented in Figure 7, where two 
vortexes were found (the two sub-figures on the 
right hand side).
A database of vortexes is built, each vortex 
marked by the number of the vortex map to which 
it belongs and by a timestamp and identified by the 
coordinates of the core and the value of the near-
core circulation (including signal). This database is 
then processed to track vortexes into vortex paths. 
The key steps are summarized below.
1. The first vector map with vortexes is used to ini-
tialize a record of open paths; the initial points 
of these paths are the coordinates of the vor-
texes in that map.
2. The next vector map with vortexes is  processed. 
The open paths for which the difference 
between the timestamp of the current vector map 
and timestamp of their last entry is larger than a 
given flow-dependent threshold are closed (and 
killed if  there was only one entry). The remain-
ing open paths may be continued by the vortexes 
with the timestamp of the current vector map.
3. To determine if  the vortexes with a given times-
tamp continue existing open paths or consti-
tute initial points of new paths, four situations 
are considered: a) the current vector map has 
one vortex and there is only one open path; 
b) the current vector map has only one vortex 
but there are more than one open paths; c) the 
current vector map has more than one vortex 
and there is only one open path; d) the current 
vector map has more than one vortex and there 
are more than one open paths. The general cri-
teria to map vortexes to paths employs a cor-
relation analysis, with the key restriction that 
vortexes are not allowed to travel upstream.
4. Once step 3 is finished, the record of open paths 
is updated and the process returns to step 2.
Figure 6. Isolines of zero longitudinal (green) and lat-
eral (red) velocity. The vector plot represents an instanta-
neous velocity map filtered with a Gaussian filter. Figure 7. Streamlines for each point of zero velocity.
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Databases of positive and negative vortex paths 
are thus built. Statistical treatment of these data-
bases allows for the determination of mean vor-
tex velocity, mean angle of vortex motion, path 
length distribution and vortex shedding frequency, 
among others.
4 RESULTS
The methodology described in the previous sec-
tion was applied to the sequence of velocity maps 
whose time-average spatial velocity distribution is 
shown in Figure 5, distinguishing vortexes with 
positive and negative circulation.
Table 2 summarizes statistics of the detected 
vortexes. The first two columns, labelled as “T” 
and “C”, identify the test and the sign of the vor-
tex circulation, respectively. The sign of circula-
tion was defined by the right-hand rule, therefore 
a vortex with counter-clockwise circulation has a 
positive circulation, and it is mentioned herein as 
a positive vortex for simplification. In Table 2, N 
stands for the number of vortexes detected, ? is 
the expected value of the longitudinal component 
of the path length and ? is the respective stand-
ard deviation. The last three columns in the same 
table indicates the percentage of vortex that were 
detected between the shedding cylinder and 1d, 2d 
and 3d further downstream.
The amount of detected vortexes in the test with 
the isolated cylinder is significantly larger in the 
array of cylinders. It is also observed that in test 
B the vortex live longer than in test A, in the sense 
that more vortexes are found further downstream 
in the former. A visual representation of those 
observations is presented in Figures 8 and 9, where 
the location of each detected vortex is represented, 
the blue points being the negative vortexes and the 
red points being the positive vortexes.
As expected due to the known anti-symmetric 
pattern of vorticity on the wake of a cylinder, the 
number of positive and negative vortexes detected 
in test B is similar. In test A, the amount of positive 
vortexes is 7% higher than the negative ones, which 
Table 2. Elementary statistics of detected vortexes and 
paths for each test.
% Vortexes in
T C N ? (m) ? (m) 1d 2d 3d
A ? 1698 0.0063 0.0046 80.3 17.7 2.1
? 1577 0.0059 0.0046 83.3 14.9 1.8
B ? 3317 0.0087 0.0058 52.3 38.5 9.2
? 3390 0.0081 0.0057 56.6 34.7 8.6
Figure 8. Location of the vortex cores for test A.
Figure 9. Location of the vortex cores for test B.
may express the influence of spatial asymmetries in 
the approaching flow. The distribution of vortexes 
along streamwise direction is presented, for both 
experimental tests, in Figures 10 and 11 for positive 
and negative vortexes, respectively.
Comparing the distributions for test A with 
those for test B, one concludes that in the former 
the vortexes are mainly concentrated close to the 
shedding cylinder while in the case of the isolated 
cylinder, vortexes subsist at larger distances down-
stream. This behaviour is common to positive and 
negative vortexes.
To get more information about how the vortexes 
travel downstream and to obtain its shedding fre-
quency, vortex paths were determined. Paths of the 
positive and negative vortexes, for test A and B, are 
shown in Figure 12.
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Figure 10. Distribution of the positive vortexes along 
streamwise direction in the array of cylinders (top) and 
for the isolated cylinder (bottom).
Figure 11. Distribution of the negative vortexes along 
streamwise direction in the array of cylinders (top) and 
for the isolated cylinder (bottom).
Figure 12. Detected paths for positive (red lines) and 
negative (blue lines) vortexes for a) test A and b) test B. 
The black dashed lines are the averaged paths, with circle 
markers to positive vortexes and square markers to nega-
tive vortexes.
The vortexes shed by an isolated cylinder (test 
B) travel downstream following an approximately 
linear path. Negative and positive vortex paths 
seem to converge until stabilizing into paral-
lel paths 0.04d apart. In test A, the vortex paths 
shows a curvature when arriving close to the near-
est downstream cylinder, being effectively drawn to 
it. This curvature may be an effect of the pressure 
field gradient in front of that cylinder.
Figure 13 shows the distribution of vortex shed-
ding periods for both tests. One can observe that 
the expected value of the period is slightly smaller 
in test B, which may be due to the higher mean 
flow velocity. Test A shows a more concentrated 
period distribution around the mode, expressed in 
a smaller value of the standard deviation.
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In what concerns the Strouhal number, the pres-
ence of neighbouring cylinders does not impact the 
results obtained for the isolated cylinder. In both 
test Strouhal number was ?0.21, the well known 
Strouhal number characterizing the vortex shed-
dingin an isolated cylinder for Re ? 103.
Future developments depend on the enlarge-
ment of the database of vortex paths with other 
cylinders, subjected to different arrangements of 
neighbours. This will allow for a clarification of 
the role of upstream and downstream cylinders in 
the longitudinal survival rate of vortexes and on 
Strouhal number of a given cylinder.
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Figure 13. Distribution of vortex periods for test A 
(top) and test B (bottom).
The mean period of the presented distributions 
are 0.40 s and 0.32 s, for test A and B, respectively, 
what corresponds to mean shedding frequencies, f, 
of  2.47 Hz and 3.11 Hz. Thus, the Strouhal number, 
a normalized frequency defined by St ? fd/U, is 
0.208 in test A and 0.216 in test B.
5 DISCUSSION AND CONCLUSIONS
The present work introduces a methodology to 
detect vortexes combining a global and a local pro-
cedure, based in detection of zero velocity points 
and analysing streamlines. This methodology was 
applied to provide evidence—vortex spatial distri-
bution and vortex paths—to study the interaction 
of vortex streets within arrays of cylinders, rela-
tively to the reference case of an isolated cylinder.
The interaction of vortex streets may be 
expressed by the spatial distribution of locations of 
vortex cores and by the length of its path, relatively 
to the case of a single cylinder. It was observed 
that more vortexes are found in the case of an iso-
lated cylinder and those vortexes can travel longer 
downstream before disappearing.
The path of the vortexes is also affected by 
the presence of other cylinders. In the case of an 
isolated cylinder the positive and negative vor-
texes travel downstream following, initially, linear 
converging paths, and latter, linear parallel paths. 
Within an array of cylinders the vortexes are devi-
ated from a straight path presumably due the pres-
sure field of the cylinders downstream.
